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Under what search conditions does attention aﬀect perceptual processes, resulting in capacity limitations, rather than aﬀecting
noisy decision-making processes? Does parallel or serial processing cause the capacity limitations? To address these issues, we varied
stimulus complexity, set size, and whether distractors were mirror images of the target. Both target detection and localization
produced similar patterns of results. Capacity limitations only occurred for complex stimuli used in within-object conjunction
searches. Parallel processing, rather than serial processing, probably caused these capacity limitations. Moreover, although mirror-
image symmetry adversely aﬀected early visual processing, it did not place additional demands on attention.
 2003 Elsevier Ltd. All rights reserved.
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Every day we constantly search for objects amidst a
clutter of irrelevant information, such as hunting for our
car in a crowded parking lot, scanning X-rays to locate a
tumor or locating a target item among non-target items
presented on a visual display. All of these search tasks
involve sensory, perceptual, and decision-making com-
ponents in processing visual information. As a result,
visual search paradigms have been widely used to in-
vestigate the basic properties of human visual informa-
tion processing. Some of these search tasks are easy
whereas others are more prone to error and, thus, result
in larger set-size eﬀects.
We were speciﬁcally interested in four interrelated
questions: (a) Why do some visual search tasks result in
larger set-size eﬀects than others? (b) Do some of these
search conditions place demands upon attention? (c) If
so, does attention aﬀect perceptual processes, resulting in
capacity limitations, or does it aﬀect noisy decision
processes? (d) If a capacity limitation occurs, does it re-
sult from a perceptual capacity limitation in which all
relevant stimuli are monitored (a parallel-process model)* Corresponding author. Tel./fax: +1-404-894-7558.
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doi:10.1016/S0042-6989(03)00339-0or from serial processing in which only one item is
scanned at each moment in time?
To address these issues, we compared search perfor-
mance to the predictions of three models that assess how
attention inﬂuences perceptual and decision-making
processes when sensory factors have been controlled.
One is a signal detection theory (SDT) model in which
attention aﬀects noisy decision processes, but all infor-
mation can be processed simultaneously in a parallel
process (e.g., Palmer, 1994; Shaw, 1980). The other two
are models in which attention is characterized by per-
ceptual capacity limitations. One of these limited-
capacity models is also a parallel-process model (e.g.,
Green & Luce, 1974; Shaw, 1980), whereas the other is a
serial-process model. It is important to distinguish
among these models because (a) sometimes an increase
in decision noise masquerades as capacity limitations
when, in fact, there are no capacity limitations (e.g.,
Pashler, 1998) and (b) sometimes one assumes that
capacity limitations arise from a strict serial processing
when, in fact, parallel processing occurs.1.1. Signal detection theory decision noise model
The SDT decision noise model is an unlimited-
capacity parallel-process model that assumes the repre-
sentation of each stimulus is variable or noisy (e.g.,
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& Swets, 1988; Palmer, 1994; Shaw, 1980). Unlimited
capacity implies there is more than enough capacity to
attend to and process all sources of information at once.
Sometimes a distractor is mistaken for a target, how-
ever, because the noisy output from a distractor location
exceeds the signal output from the target. In this case, a
false alarm may occur so that the observer reports the
presence of a target when there is none or reports a
target at the wrong location. Both the probabilities of a
false alarm and of a miss increase when the observer
must monitor many sources of information than when
only a few sources are monitored. The SDT decision
noise model predicts a moderate increase in error rates
as the number of monitored locations increases and,
thus, predicts moderate set-size eﬀects.
1.1.1. Shaw’s boundary condition
We used Shaws boundary condition (1980, 1982,
1984) to predict the worst possible target location per-
formance caused by decision noise. One major advan-
tage of Shaws model is that it is distribution free
and makes no assumptions about the underlying prob-
ability distributions for the decision noise. Because the
boundary condition makes fewer assumptions than most
other SDT models, it also is easier to test whether a
decision noise model can adequately explain the data.
On one hand, poor agreement of the data with a models
predictions can arise because the model is inherently
wrong and should be rejected. On the other hand, the
poor agreement can arise because the model is quali-
tatively correct but the details of the model are wrong.
A model that has fewer assumptions is a model with
fewer potentially incorrect details. The assumptions
and equation for the boundary condition are given in
Appendix A and in Shaw (1980). If target location data
are not consistent with a decision noise model, even
using Shaws boundary condition, then alternative ex-
planations must be considered.
1.2. Perceptual limited-capacity models
An alternative explanation is that a perceptual lim-
ited capacity occurs. Capacity is the maximum amount
of information that can be processed per unit of time or
stored in a short-term buﬀer (e.g., McLean, 1999).
Sometimes information processing is constrained by
attention so that capacity limitations occur. Below two
diﬀerent limited-capacity models are brieﬂy described, a
sampling-size model and a serial-processing model.
1.2.1. Sampling-size model
One quantitative version of perceptual limited ca-
pacity is the sampling-size model (Green & Luce, 1974;
Palmer, Ames, & Lindsey, 1993; Shaw, 1980). This is
also a parallel-process model in which all relevantstimuli can be monitored simultaneously. Limited ca-
pacity occurs because perception is based on a ﬁxed,
total number of samples of the visual array. More errors
occur as the number of monitored stimuli increases be-
cause there are fewer samples of each stimulus. Thus, the
percept of each stimulus is less clear and less distinct
when many stimuli are monitored than when only a few
stimuli are monitored. This model predicts large set-size
eﬀects. The assumptions and equations for this model
also are given in Appendix A.
1.2.2. Serial-processing models
Another quantitative version of perceptual limited
capacity is a serial-processing model (e.g., Bergen &
Julesz, 1983). The model assumes that only a limited
number of stimuli, B, can be serially processed or
scanned during a brief presentation of N stimuli. If the
number of scanned stimuli is less than the total number
to be processed (i.e., B < N ), then capacity limitations
occur, resulting in errors. These errors can occur for two
reasons. First, the target location may not be scanned
and the observer guesses the wrong location for the
target (e.g., Bergen & Julesz, 1983). Second, even if the
target is scanned, it may not always be detected, as ex-
plained in Appendix A. As the total number of relevant
stimuli (N ) increases, it becomes less likely that the
target will be among the items scanned (viz., the ratio
B=N decreases) so that more errors occur, resulting in
large set-size eﬀects. The strict serial-processing model
(B ¼ 1) assumes that only one stimulus can be scanned
within a brief duration––it predicts the largest set-size
eﬀects. The assumptions and equations for the serial-
processing model are given in Appendix A.
Recently, there has been much interest in applying
both the decision noise and limited-capacity models to
target detection or identiﬁcation accuracy using simple
stimuli (e.g., Eckstein, 1998; Lu & Dosher, 1998; Pal-
mer, 1994; Palmer, Verghese, & Pavel, 2000; P~oder,
1998; Verghese & Nakayama, 1994). Here we are espe-
cially interested in comparing predictions of these
models to target localization performance when the
stimulus characteristics vary from relatively simple to
more complex characteristics.
1.3. Brief literature review
A review of the literature suggests that as one goes
from very simple stimuli, such as sinusoidal gratings and
luminance increments, to more complex stimuli, such as
letters, words, and faces, capacity limitations may occur
(e.g., Pashler, 1998; Treisman, 1988). In restricting our
literature review to situations where demands on atten-
tion may result in capacity limitations, we found several
intriguing results reported.
First, perceptual capacity limitations are more likely
to occur when observers must locate the targets position
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& Jaye, 1995). Bennett and Jaye reported that when
observers localized the position of target letters, the set-
size eﬀects were so large that perceptual capacity limi-
tations were implicated. They also found that the
detection of target letters was consistent with predictions
of a decision noise model. From these results they
concluded that target localization was constrained by
limited-capacity perceptual processing whereas target
detection was not.
Second, apprehending the spatial relations of objects
component parts can cause capacity limitations (e.g.,
Davis & Peterson, 1998; Logan, 1994; Palmer, 1994).
The apprehension of spatial relations, such as above,
below, left, or right, requires attention so that search
becomes capacity limited (Logan, 1994). Apprehending
these spatial relations involves coordinating the per-
ceptual representations of objects and surfaces with the
conceptual representation of the spatial relations.
Third, although search is relatively easy when a
target has distinctive, critical features to distinguish it
from all distractors (e.g., Treisman & Gormican, 1988;
Treisman & Souther, 1985), it becomes more demand-
ing when the target shares many critical features with
the distractors (Duncan & Humphreys, 1989; Fisher,
Duﬀy, Young, & Pollatsek, 1988). Treisman and her
colleagues (e.g., Treisman & Gormican, 1988; Treisman
& Souther, 1985) have reported that if a target has a
critical feature which the distractors lack, the target
results in greater activation than the distractors and the
target-to-distractor activation ratio (or signal-to-noise
ratio) is large. A corollary to Treismans statement is
that search is more diﬃcult if both the target and di-
stractors share critical features, such as a gap or a bite.
In this case, both the target and distractors result in
large amounts of activation so that the target-to-dis-
tractor activation ratio is low and, thus, search becomes
diﬃcult. Fisher and his colleagues (Fisher, 1984; Fisher
et al., 1988) have stated that overlap of critical features
between the target and distractors could decrease the
available channel capacity, resulting in capacity limi-
tations.
Finally, search may result in larger set-size eﬀects if
some distractors are mirror images of the target than if
no mirror-image symmetry exists (e.g., Wolfe & Fried-
man-Hill, 1992). Although mirror-image symmetry
about the vertical axis can be helpful in perceptually
segmenting ﬁgure from ground, shape perception, and
identiﬁcation of objects (e.g., Koﬀka, 1935, cited in
Baylis & Driver, 1995), it is less clear exactly what role it
plays in visual search and attention. Of the few studies
investigating how mirror-image symmetry aﬀects atten-
tion, the one by Wolfe and Friedman-Hill (1992) is the
most relevant. Using red and green tilted line stimuli in a
between-object conjunction task, they found that the
symmetry relations between target and distractorsaltered search eﬃciency. Speciﬁcally, if some of the di-
stractors were mirror images of the target (i.e., sym-
metric about the vertical axis), search was much slower
and less eﬃcient than if some distractors and targets
were symmetric about an oblique axis. They concluded
that visual search is aﬀected by perceptual grouping
based on symmetry relations and that psychophysically
assessing the discriminability of target from distrac-
tors probably would not be suﬃcient to explain their
results.1.4. Overview of experiments
In the studies presented here, we evaluated how visual
search performance was aﬀected by (a) spatially local-
izing targets, (b) apprehending the spatial relations
among component parts of stimuli, (c) having targets
that share critical features with distractor stimuli, and
(d) having distractors that are mirror-images of the
target. To do this, we conducted three diﬀerent experi-
ments in which the complexity and number of stimuli
(set size) were systematically varied. Within each ex-
periment there was a mirror-image condition, in which
each distractor was a mirror image of the target, and a
standard condition, in which they were not. The ﬁrst
experiment had the simplest stimuli whereas the third
experiment had the most complex. In all search condi-
tions, the observer had to both detect and locate the
target in the array.
Evaluating the results of any single experiment could
not reveal how each of the four factors inﬂuenced visual
search. By evaluating the pattern of results across the
three sets of experiments, however, we could unravel
the impact of each factor. Under what conditions does
the SDT decision noise model account for the data, in-
dicating that attention aﬀected noisy decision making,
but did not result in perceptual capacity limitations?
Under what conditions did attention aﬀect perceptual
processing, resulting in capacity limitations? When
capacity limitations occurred, were they caused by a
sampling-size parallel process or by a serial process?
Because we were speciﬁcally interested in how atten-
tion aﬀects perceptual processing and decision noise, we
controlled sensory factors that also could aﬀect search
performance. These sensory factors include the eccen-
tricity and density of the stimuli (e.g., Carrasco, Evert,
Chang, & Katz, 1995; Ericksen & Spencer, 1969; Geisler
& Chou, 1995; Palmer, 1994), a ﬁxed number of items in
the display to equate perceptual characteristics across
diﬀerent set sizes (e.g., Ericksen & Spencer, 1969; Pal-
mer, 1995); eye movements (e.g., M€otter & Belky, 1998),
target–distractor discriminability (e.g., Davis & Peter-
son, 1998; Duncan & Humphreys, 1989; Palmer, 1994)
and homogeneity of distractors (e.g., Duncan &
Humphreys, 1989; Palmer, 1994).
Fig. 1. Schematics of stimulus displays for the vertical and tilted lines
search experiment. The top panel shows a typical display for the
standard search and the bottom panel one for the mirror-image search.
Although the display always contains four stimuli, the relevant set size
can be either 2 or 4. For set size of 2, the relevant locations could be to
the left and right of ﬁxation or else above and below ﬁxation. Arrows
on the ﬁxation cross cue the relevant locations.
2216 E.T. Davis et al. / Vision Research 43 (2003) 2213–22322. Experiment 1––simple features: tilted and vertical lines
2.1. Method
2.1.1. Participants
We tested 17 undergraduate and graduate students.
All participants received course credit for their partici-
pation. All had normal near and distance visual acuity
after any necessary refractive correction. They had no
other clinically signiﬁcant visual problems.
2.1.2. Stimuli
There were two sets of target and distractors, a
standard set and a mirror-image set. The target was
always a line tilted clockwise, but in the standard set the
distractor was a vertical line whereas in the mirror-
image set the distractor was a line tilted counterclock-
wise. Each stimulus subtended 2 of visual angle and
was presented 8 in the periphery when viewed from a
distance of 28.5 in. The stimuli had a luminance of 17.4
ft-L presented against a background luminance of 0.02
ft-L. A ﬁxation cross was always present in the center of
the display.
In the preliminary discrimination study, the stimuli
were a pair of lines presented either 8 to the left and
right of the ﬁxation cross or else above and below the
ﬁxation cross. One pair was from the standard set and
the other from the mirror-image set of stimuli.
The stimulus conﬁgurations for the standard and
mirror-image visual search conditions are shown in Fig.
1. Stimuli were presented 8 from the central ﬁxation
cross, at the top, right, bottom and left positions of a
ragged imaginary circle. There were always four stimuli
in every display to equate perceptual characteristics
across set sizes 2 and 4 (Ericksen & Spencer, 1969;
Palmer, 1995). 1 Arrowheads on the ﬁxation cross cued
the relevant locations. For example, in the top panel of
Fig. 1 arrowheads pointing in all four directions cue the
four relevant locations for set size 4, but in the bottom
panel arrowheads pointing to the left and right cue the
two relevant locations for set size 2. (The two relevant
locations also could be along the vertical meridian and,
thus, would be cued by the arrowheads pointing to the
top and bottom of the display.)
2.1.3. Apparatus
Two Dell Pentium computers (160 MHz) with Sony
Trinitron color monitors (SVGA 19
00
color monitors)
and keyboards were used. Computer programs written
in Psychological Softwares Microcomputer Experi-1 In a control experiment we examined search performance for set
size 2 within a display of either 2 or 4 stimuli. Search performance for
set size 2 was similar whether the display contained a total of 2 or 4
stimuli––there was no systematic or signiﬁcant diﬀerence in search
performance.mental Language v2.0 (Schneider, 1988) controlled the
presentation of the stimulus displays and recorded par-
ticipants responses. The monitors had been calibrated
with a Pritchard Photometer (Model 1980A) for both
luminance and stimulus duration (57 ms).
2.1.4. Procedures
2.1.4.1. Preliminary discrimination evaluation. In the
standard and mirror-image conditions the participant
had to discriminate which of the two stimuli was
tilted clockwise. In the mirror-image condition, the
distractor was tilted counterclockwise from vertical
to form a mirror image of the clockwise-tilted target.
We counterbalanced the order in which standard and
mirror-image conditions were tested and informed the
participant which condition would be tested.
For each of the two discrimination conditions there
was a practice block of trials followed by two experi-
mental blocks (one experimental block for stimuli above
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and right of ﬁxation). A method of constant stimuli
procedure (Gescheider, 1985) was used in which the
angle of the tilt was pseudo-randomly varied throughout
a block of trials. There were 40 experimental trials for
each of 10 orientation oﬀsets in each discrimination
condition.
The participant was instructed to ﬁxate the cross in
the center of the screen before pressing 0 on the numeric
keypad to start each trial. Then, the stimuli were pre-
sented for 57 ms, with the target randomly appearing on
one side of ﬁxation for half of the trials and on the other
side for the remainder. On each trial, the participant
reported the targets location and was given feedback.
2.1.4.2. Visual search. For both standard and mirror-
image conditions, target–distractor discriminability was
set at approximately d 02AFCLocation ¼ 2:20 for each par-
ticipant, based on the individuals preliminary discrimi-
nation data. (We wanted search performance for set size
2 to be noticeably better than 82% correct but less than
perfect so that we could more clearly distinguish among
the predictions of the decision noise and limited-capac-
ity models.) Only one condition was tested within a
session and the order of the conditions was counter-
balanced across participants. Within each session there
were four practice blocks of trials followed by four ex-
perimental blocks. Only one set size (2 or 4) was tested
within a block of trials and before each block the par-
ticipant was informed of the relevant locations. For set
size 2, the relevant locations were above and below ﬁx-
ation for one block and to the left and right of ﬁxation
for the other.
Within each experimental block of 200 trials a single
target appeared on 40% of the trials, no target appeared
on 40% of the trials, and targets were presented at all
relevant locations for the remaining trials. We included
trials with multiple targets primarily to test whether
participants were dividing attention across widely sep-
arated spatial locations (e.g., Shaw, 1980), as explained
more fully in Section 2.2 and the Appendix A.
Participants gave both detection and location re-
sponses on every trial. The participant was instructed to
focus on the ﬁxation cross and to divide attention
equally among the relevant locations before pressing the
Enter key to start a trial. The stimuli were presented for
57 ms. Then the participant reported both whether a
target was detected by hitting either Y or N on the
keyboard and the targets location by pressing the cor-
responding number on the numeric keypad (i.e., 8 for
top, 6 for right, 2 for bottom, and 4 for left). If partic-
ipants perceived more than one target on a given trial,
they were instructed to report the location of one of
those targets. Even if they had not detected a target on a
given trial, they still had to locate the target and were
told to make their best guess about its location. Anauditory beep followed the participants response only if
a target had been shown on that trial.2.2. Results and discussion
2.2.1. Overview
For the simple line stimuli, it was more diﬃcult to
discriminate the target from the distractor in the mirror-
image condition, resulting in larger discrimination
thresholds than for the standard condition. But, once
target–distractor discriminability had been psycho-
physically equated across both conditions, there was no
diﬀerence between them in either the ability to divide
attention across two widely separated locations or in
search performance. Both target detection and location
accuracies showed somewhat similar patterns of results,
with marginally signiﬁcant or no set-size eﬀects. Al-
though both the standard and mirror-image search re-
sults were signiﬁcantly better than the limited-capacity
models predicted, they were consistent with predictions
of a decision noise model.2.2.2. Discrimination
For the simple tilted lines there was a signiﬁcant
diﬀerence in discriminability of the target from the
distractor for the standard and mirror-image condi-
tions ðtð15Þ ¼ 4:16; p < 0:001Þ. The mean JND cor-
responded to an interpolated d 0 value of 0.95 for 2AFC
location judgments (d 02AFC JND ¼ 0:95). For the standard
condition (clockwise-tilted target and vertical distractor)
the mean JND was an angular diﬀerence of 5.63
(SEM¼ 0.637). For the mirror-image condition (dis-
tractor tilted counterclockwise) the mean JND was an
angular diﬀerence of 9.04 (SEM¼ 1.314). The angular
diﬀerence between the target and the distractor was
approximately 60% larger in the mirror-image condition
than in the standard condition to equate target–dis-
tractor discriminability across the two conditions. By
psychophysically equating target–distractor discrimina-
bility we could rule out the possibility that the target was
more discriminable in the standard search than in the
mirror-image search. We next addressed how well par-
ticipants could divide attention within the two search
conditions.2.2.3. Dividing of attention
To assess how each individual allocated attention in
the actual search experiment, we applied Mulligan and
Shaws (1980) Type 1 Z-score to the visual search data
for set size 2, as described in Appendix A. If all attention
is allocated to only one spatial location on a given trial,
and no information is obtained from any of the other
spatial locations, the Type 1 Z-score should be zero. In
contrast, if the Type 1 Z-score is signiﬁcantly larger than
zero, then the participant can glean information from at
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they can divide attention across spatial locations.
Most participants divided attention across two
widely separated spatial locations in both the stan-
dard and mirror-image search conditions. For the stan-
dard condition the average Type 1 Z-score was 1.80
(SEM¼ 0.220) and for the mirror-image condition it
was 1.91 (SEM¼ 0.127); both were well above the cri-
terion Z-score value of 1.28 (p < 0:05). In the standard
condition only two participants had diﬃculty dividing
attention whereas in the mirror-image condition only
one participant had diﬃculty. No one had a negative
Type 1 Z-score. Furthermore, there was no signiﬁcant
diﬀerence between the standard and mirror-image con-
ditions Type 1 Z-scores ðF ð1; 16Þ ¼ 0:55, p ¼ 0:47Þ.
So, after psychophysically equating target–distractor
discriminability for both conditions, the participants
ability to divide attention across two widely separated
spatial locations was similar for both standard and
mirror-image search and we can rule out a strict serial
search for set size 2. We also have ruled out another
possible cause of search performance diﬀerences be-
tween standard and mirror-image search––the failure to
divide attention––and established one of the necessary
conditions for quantitatively testing the models of target
location accuracy.0.5
1.0
Relevant Set Size
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e
2 4
Fig. 2. Target accuracies for the tilted line visual searches are shown as
a function of set size. The top panel shows target detection accuracy
and the bottom panel shows target location accuracy. The circles
connected by solid lines show data for the standard condition whereas
the triangles connected by dashed lines show data for the mirror-image
condition. Error bars represent ±1 SEM.2.2.4. Target detection accuracy
We examined how set size aﬀected target detection
accuracy. Overall, increasing the number of distractors
hurt search performance. We used d 0Yes–No sensitivity
measures to evaluate set-size eﬀects and compared de-
tection accuracy for set sizes 2 and 4. A repeated-mea-
sures ANOVA showed set-size eﬀects were marginally
signiﬁcant ðF ð1; 16Þ ¼ 3:22, p ¼ 0:092Þ. Furthermore,
there was no signiﬁcant diﬀerence between the standard
and mirror-image conditions ðF ð1; 16Þ ¼ 0:772, p ¼
0:393Þ and no signiﬁcant interaction between set size
and search condition ðF ð1; 16Þ ¼ 1:118, p ¼ 0:306Þ (see
top panel of Fig. 2).22.2.5. Target location accuracy
Overall, a repeated-measures ANOVA showed no
signiﬁcant set-size eﬀects ðF ð1; 16Þ ¼ 1:79, p ¼ 0:20Þ.
There was no signiﬁcant diﬀerence between the standard
and mirror-image search conditions ðF ð1; 16Þ ¼ 0:0,
p ¼ 0:991Þ and no signiﬁcant interaction between set
size and search condition ðF ð1; 16Þ ¼ 0:06, p ¼ 0:810Þ
(see bottom panel of Fig. 2).Both the decision noise and the sampling-size models make the
same prediction if target location accuracy is perfect, so we only
applied the analyses to participants who had less than 100% correct
target location accuracy for set size 2. Moreover, to better distinguish
among the models, we further restricted our analyses to those
participants whose target location accuracy was better than 82%
correct for set size 2.2.2.6. Comparison of location data to theoretical predic-
tions
To evaluate target location search performance, we
compared the data to a decision noise model as well asto two diﬀerent versions of a limited-capacity model (see
Fig. 3). Our analyses were restricted to participants who
could divide attention between two widely separated
spatial locations, as previously determined, and whose
target location accuracy was less than perfect, but well
above chance. 2 The analyses described below evaluated
data from 13 participants in the standard search con-
dition and from 12 participants in the mirror-image
1.00.90.80.70.60.50.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0
No Set Size
Boundary
Sample Size
Data
Serial (B=1,N=4)
Serial (B=2,N=4)
Serial (B=3,N=4)
Proportion Correct for 2 Locations
Pr
op
or
tio
n 
Co
rr
ec
t f
or
 4
 L
oc
at
io
ns
Predictions
Tilted Line Standard Search
1.00.90.80.70.60.50.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0
No Set Size
Boundary
Sample Size
Data
Serial (B=1,N=4)
Serial (B=2,N=4)
Serial (B=3,N=4)
Proportion Correct for 2 Locations
Pr
op
or
tio
n 
Co
rr
ec
t f
or
 4
 L
oc
at
io
ns
Predictions
Tilted Line Mirror Image Search
Fig. 3. Target localization performance and theoretical predictions are
shown for the tilted line target search. The top panel represents data
for the standard search and the bottom panel those for the mirror-
image search. The horizontal axis shows the probability of correctly
locating the target for set size 2 and the vertical axis shows the cor-
responding probability for set size 4. The straight, solid black line
shows predictions if there are no set-size eﬀects. The curved, bold solid
line shows Shaws (1980) boundary condition, the lower limit for a
decision noise model; if data fall near or above this line, they are
consistent with predictions of a decision noise model. The curved,
thinner dot-dashed line shows the predictions for the sampling-size
model of perceptual capacity limitation. The three straight dashed lines
show the predictions for serial-processing models in which the number
of items scanned is B ¼ 1, 2 or 3, respectively. The largest set-size ef-
fects of the serial-processing models is shown for B ¼ 1. All serial-
processing model predictions shown here assume that sometimes the
target is not detected even when the target location is scanned (i.e.,
0 < PTðdetÞ < 1).
E.T. Davis et al. / Vision Research 43 (2003) 2213–2232 2219search condition who met these criteria. Table 1 shows
both the average target location accuracy for set size 4
and the diﬀerent models predictions, averaged across
individuals. A signiﬁcant Wilcoxon signed ranks Z value
indicates that the models predictions deviate from the
data, so that the model can be rejected.2.2.6.1. Boundary condition for decision noise model.
When searching for a tilted line target, a distribution-
free decision noise model is consistent with target lo-calization for both the standard and mirror-image
searches. One can only reject the decision noise model
if the data systematically fall below the lower boundary,
P ðC4Þ ¼ PðC2Þ3. Fig. 3 shows that the data do not
systematically fall below the lower boundary. Table 1
also shows that there is no signiﬁcant diﬀerence be-
tween the decision noise models predictions and the
data.2.2.6.2. Sampling-size model of perceptual limited capac-
ity. The sampling-size limited-capacity model predicted
search performance that was much worse than obtained,
as shown in Fig. 3. Table 1 also shows that the sam-
pling-size model predicts signiﬁcantly worse perfor-
mance than was obtained, so we can reject this model
for both tilted line target searches.2.2.6.3. Serial-processing models of perceptual limited
capacity. Although the participants could divide atten-
tion between two widely separated locations for search
with a set size of 2, as previously determined from the
Type 1 Z-scores, this does not guarantee that they could
do so for set size 4. Moreover, it does not indicate
whether they could glean information from more than
two spatial locations on a given trial. For both reasons,
we compared target location performance to the pre-
dictions of a strict serial search in which information is
gleaned from only one location (B ¼ 1), and serial
searches in which information is gleaned from only two
or three locations (B ¼ 2 or 3, respectively).
All three versions of the serial-processing model
(B ¼ 1, 2, and 3) predicted signiﬁcantly worse target
location performance than we obtained, so the serial
processing limited-capacity models can be rejected
for both tilted line target searches (see Table 1 and
Fig. 3).
We have seen what happens when searching for
simple tilted line stimuli among either vertical lines or
mirror-image tilted lines. Clearly, target location tasks
do not result in perceptual capacity limitations, al-
though results are consistent with predictions of the
decision noise model. Furthermore, although mirror-
image symmetry aﬀects early visual discrimination of
target from distractor, it does not place additional de-
mands on attention. Once target–distractor discrimi-
nability has been psychophysically equated across
conditions, mirror-image distractors have no eﬀect on
search performance beyond that of the distractors used
in the standard search condition.
What happens when the stimuli are more complex?
Are perceptual capacities more likely to occur? What
eﬀect does mirror-image symmetry have in this case? In
Experiment 2 we examined search performance for a
Landolt C target embedded in an array of simple Os or
an array of backward-facing Landolt Cs.
Table 1
Tilted line target location accuracy: comparison of data and model predictions for set size 4
Standard search accuracy Mirror-image search accuracy
Mean SEM Wilcoxon signed ranks Z Mean SEM Wilcoxon signed ranks Z
Data 0.934 0.019 0.933 0.016
Predictions
Noise boundary 0.900 0.028 1.29 0.914 0.020 1.02
Sampling size 0.803 0.027 3.18 0.818 0.025 3.06
Serial ðB ¼ 1Þ 0.424 0.004 3.18 0.426 0.003 3.06
Serial ðB ¼ 2Þ 0.598 0.008 3.18 0.603 0.005 3.06
Serial ðB ¼ 3Þ 0.772 0.012 3.18 0.779 0.008 3.06
 p < 0:01.
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3.1. Method
3.1.1. Participants
We tested 22 undergraduate and graduate students.
All participants received course credit for their partici-
pation. All had normal near and distance visual acu-
ity after any necessary refractive correction. They had
no other clinically signiﬁcant visual problems. None
had participated in any other experiment reported
here.3.1.2. Stimuli
The target was a Landolt C with its gap on the right
side. In the standard condition all distractors were
Os and in the mirror-image condition they were back-
ward-facing Landolt Cs with their gaps on the left
side. In all other respects, the stimulus conﬁgura-
tions were as described for Experiment 1. Fig. 4 shows
the stimulus conﬁguration for the standard and mirror-
image visual search conditions. For the preliminary
discrimination evaluation, however, only two stimuli
were presented, each on opposite sides of the ﬁxation
cross.3.1.3. Apparatus
The apparatus was the same as described for Exper-
iment 1.Fig. 4. Schematics of stimulus displays for the Landolt C search ex-
periment. The top panel shows a typical display for the standard search
and the bottom panel one for the mirror-image search.3.1.4. Procedures
The procedures for the preliminary discrimination
evaluation and the visual search were the same as those
for Experiment 1. In the discrimination evaluation the
gap size was varied to determine the discrimination
threshold. For the mirror-image condition, the gap was
on the left side of the Landolt C distractors and had the
same gap size as the target. In the visual search experi-
ment the gap size was set at a discrimination threshold
of d 02AFCLocation ¼ 2:20 so that target location perfor-
mance for set size 2 would be noticeably better than 82%
correct (cf. footnote 2).
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Fig. 5. Target accuracies for Landolt C visual searches are shown as a
function of set size. The top panel shows target detection accuracy and
the bottom panel shows target location accuracy. The circles connected
by solid lines show data for the standard condition whereas the tri-
angles connected by dashed lines show data for the mirror-image
condition. The error bars represent ±1 SEM.
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3.2.1. Overview
Although there was no diﬀerence in the ability either
to discriminate the Landolt C target from a distractor or
to divide attention across two widely separated spatial
locations, mirror-image search clearly resulted in worse
search performance than did the standard search. Set-
size eﬀects were much larger for the mirror-image con-
dition both for target detection and for target location
accuracy. Analyses of the target location data further
showed the standard search results were consistent with
a decision noise model whereas perceptual capacity
limitations seemed to aﬀect mirror-image search. How-
ever, the set-size eﬀects for mirror-image search were too
small to have been caused by a serial-processing limited-
capacity model in which only one or two stimuli could
be processed within a given trial (B ¼ 1 or 2). The re-
sults, theoretical models, and predictions are described
below.
3.2.2. Discrimination
There was no signiﬁcant diﬀerence in the ability to
discriminate the target from the distractor in the stan-
dard and mirror-image conditions ðtð21Þ ¼ 0:21, p ¼
0:834Þ. For the standard condition (Landolt C versus
O), the mean JND was a gap size of 7.90 of visual angle
(SEM¼ 0.66). For the mirror-image condition (forward-
facing Landolt C versus backward-facing Landolt C), it
was a gap size of 7.760 (SEM¼ 0.86).
Use of these discrimination results rule out the pos-
sibility that the target was more discriminable in one
search condition than another. The next issue we ad-
dressed was whether participants could divide attention
across two widely separated spatial locations in the ac-
tual visual search experiment.
3.2.3. Dividing of attention
Most participants could divide attention across two
widely separated spatial locations in the standard
(M ¼ 1:44, SEM¼ 0.12) and mirror image (M ¼ 1:45,
SEM¼ 0.12) search conditions. For the standard search
six of the 22 participants had Type 1 Z-scores lower than
1.28 whereas for the mirror-image search eight had such
low scores. In both search conditions only one partici-
pant had a Type 1 Z-score less than zero. The ability to
divide attention was essentially the same for both stan-
dard and mirror-image search ðtð21Þ ¼ 0:067, p ¼
0:947Þ.
3.2.4. Target detection accuracy
A repeated-measures ANOVA showed that signiﬁcant
set-size eﬀects occurred for both standard and mirror-
image conditions ðF ð1; 21Þ ¼ 23:32, p < 0:001Þ. We also
found that the set-size eﬀects were larger for the mirror-
image condition than for the standard condition, as re-vealed by a signiﬁcant interaction ðF ð1; 21Þ ¼ 4:37; p ¼
0:049Þ. In fact, the set-size eﬀect was approximately
twice as large for the mirror-image search than for the
standard search (see top panel of Fig. 5). Although some
models may predict larger set-size eﬀects than others, we
cannot rigorously distinguish among these models with
our target detection data. To quantitatively distinguish
one model from another, we examined target location
performance, as described below.3.2.5. Target location accuracy
The pattern of results for target location accuracy
was similar to that for target detection (see bottom panel
of Fig. 5). A repeated-measures ANOVA showed sig-
niﬁcant set-size eﬀects occurred ðF ð1; 21Þ ¼ 8:09; p ¼
0:01Þ and that the set-size eﬀects were larger for mirror-
image search than for standard search ðF ð1; 21Þ ¼ 13:41;
p ¼ 0:001Þ. For target localization, the set-size eﬀect
was more than four times larger for the mirror-image
0.8
0.9
1.0
No Set Size
Boundary
Sample Size
Landolt C Standard Search
 L
oc
at
io
ns
Predictions
2222 E.T. Davis et al. / Vision Research 43 (2003) 2213–2232condition than for the standard condition. What causes
these set-size eﬀects? Why are the set-size eﬀects larger
for mirror-image search than for the standard search
condition with the Landolt C target?1.00.90.80.70.60.50.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
Data
Serial (B=1,N=4)
Serial (B=2,N=4)
Serial (B=3,N=4)
Proportion Correct for 2 Locations
Pr
op
or
tio
n 
Co
rr
ec
t f
or
 4
1.00.90.80.70.60.50.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0
No Set Size
Boundary
Data
Sample Size
Serial (B=1,N=4)
Serial (B=2,N=4)
Serial (B=3,N=4)
Landolt C Mirror-Image Search
Proportion Correct for 2 Locations
Pr
op
or
tio
n 
Co
rr
ec
t f
or
 4
 L
oc
at
io
ns
Predictions
Fig. 6. Target localization performance and theoretical predictions are
shown for the Landolt C experiment. The top panel represents data for
the standard search and the bottom panel those for the mirror-image
search. The predictions shown are the same as those described for Fig.
3.3.2.6. Comparison of location data to theoretical predic-
tions
In comparing target location data to the models
predictions, our analyses were restricted to participants
who could divide attention between two widely sepa-
rated spatial locations, as previously determined, and
whose target location accuracy was less than perfect, but
well above chance (cf. footnote 2). The analyses des-
cribed below evaluated data from 15 participants in the
standard condition and from 13 participants in the
mirror-image condition who met the criteria. However,
the pattern of results reported below was similar to the
pattern obtained if all 22 participants data had been
evaluated. Table 2 shows both the average target loca-
tion accuracy for set size 4 and the diﬀerent models
predictions, averaged across individuals. Fig. 6 shows
predictions for the decision noise boundary condition as
well as for the perceptual limited-capacity models.
3.2.6.1. Boundary condition for decision noise model. The
decision noise model is consistent with target localiza-
tion for the standard search condition, but must be re-
jected for the mirror-image search. As shown in Fig. 6,
data for the mirror-image search systematically fall
below the lower boundary of the decision noise model
whereas the standard search data lie near or above the
boundary. Table 2 also shows that predictions of the
decision noise model signiﬁcantly diﬀer from the data
for mirror-image search whereas they are consistent with
the standard search data.3.2.6.2. Sampling-size model of perceptual limited capac-
ity. Conversely, although standard search performance
was signiﬁcantly better than predicted by the sampling-
size model, mirror-image search performance was con-
sistent with the models predictions, as shown in Table 2.Table 2
Landolt C target accuracy: comparison of data and model predictions for se
Standard search accuracy
Mean SEM Wilcoxon signe
Data 0.866 0.018
Predictions
Noise boundary 0.841 0.018 1.224
Sampling size 0.734 0.018 3.296
Serial ðB ¼ 1Þ 0.416 0.003 3.30
Serial ðB ¼ 2Þ 0.583 0.005 3.30
Serial ðB ¼ 3Þ 0.749 0.008 3.17
 p < 0:01.So, we can reject a sampling-size explanation for the
standard search, but it is a viable contender to explain
the mirror-image search results.3.2.6.3. Serial-processing models of perceptual limited
capacity. For the standard search condition, all three
serial-processing models (B ¼ 1, 2, or 3) predicted much
worse target location performance than obtained and,
thus, can be rejected (see Table 2 and Fig. 6).t size 4
Mirror-image search accuracy
d ranks Z Mean SEM Wilcoxon signed ranks Z
0.728 0.039
0.854 0.036 2.691
 0.758 0.031 0.664
 0.417 0.005 3.18
 0.585 0.010 2.76
 0.752 0.016 0.18
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search performance was much better than predicted by a
serial-processing model in which only one or two stimuli
could be gleaned within a brief presentation (B ¼ 1 or
2), performance was consistent with predictions in which
information from three locations can be processed
(B ¼ 3). Thus, a serial-processing model (B ¼ 3) is a
viable contender to explain mirror-image search for the
Landolt C target.
Why do perceptual capacity limitations seem to aﬀect
searching for a Landolt C target in the mirror-image
search but not in the standard search? Perhaps because
the target and distractors possess exactly the same crit-
ical features (a circle with a gap) in the mirror-image
search, whereas in the standard search only the target
has the gap. Thus, to distinguish a target from a dis-
tractor in the mirror-image search one must discern the
relative position of the gap (on the right for the target
and on the left for a distractor) whereas in the standard
search one need only detect the presence of a gap. Also,
we cannot distinguish if the perceptual capacity limita-
tions are caused by a parallel process, sampling-size
model or by a serial-process model in which three of the
four stimuli are processed (B ¼ 3).
To further tease apart the causes of perceptual ca-
pacity limitations, we conducted a third experiment. In
Experiment 3 both target and distractors were complex
stimuli (pacman) where the relative location of the
pacmans bite helped distinguish a target from a dis-
tractor. In these experiments, we evaluated a condition
in which the distractors were mirror images of the tar-
get, symmetric about the vertical axis, and a condition
in which they were not.Fig. 7. Schematic of stimulus displays for the pacman search experi-
ment. The top panel shows a typical display for the standard search
and the bottom panel one for the mirror-image search.
4. Experiment 3––complex features: pacman stimuli
4.1. Method
4.1.1. Participants
We tested 23 undergraduate and graduate students.
All participants received course credit for their partici-
pation. All had normal near and distance visual acuity
after any necessary refractive correction. They had no
other clinically signiﬁcant visual problems. None had
participated in any other experiment reported here.
4.1.2. Stimuli
The target was a pacman with the ‘‘bite’’ rotated
clockwise. In the standard condition the distractor was a
pacman with an upward-facing bite and in the mirror-
image condition the pacmans bite was rotated coun-
terclockwise to form a mirror image of the target. In all
other respects, the stimulus conﬁgurations were as
described for Experiments 1 and 2. Fig. 7 shows the
stimulus conﬁguration for the standard and the mirror-image search conditions. For the preliminary discrimi-
nation evaluation only two stimuli were presented.4.1.3. Apparatus
The apparatus was the same as described for Exper-
iments 1 and 2.4.1.4. Procedures
The procedures for the preliminary discrimination
evaluation and the visual search were the same as those
for the previous experiments. In the discrimination
study the orientation of the target pacmans bite was
rotated clockwise from vertical to determine the just
noticeable diﬀerence. For the mirror-image condition,
the distractor was rotated counterclockwise from verti-
cal to form a mirror image of the clockwise-rotated
target. In the visual search experiment, the orientation
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Fig. 8. Target accuracies for the pacman visual searches are shown as
a function of set size. The top panel shows target detection accuracy
and the bottom panel shows target location accuracy. The circles
connected by solid lines show data for the standard condition whereas
the triangles connected by dashed lines show data for the mirror-image
condition. The error bars represent ±1 SEM.
2224 E.T. Davis et al. / Vision Research 43 (2003) 2213–2232of the target pacmans bite was set at a discrimination
threshold of d 02AFCLocation ¼ 2:20 so that target location
performance for set size 2 would be noticeably better
than 82% correct (cf. footnote 2).
4.2. Results and discussion
4.2.1. Overview
To distinguish a target from the distractors, one must
discern which pacman had a clockwise-rotated bite. In
the mirror-image condition it was more diﬃcult to dis-
criminate the target from the distractor, resulting in
larger discrimination thresholds than those for the
standard condition. But, once target–distractor discri-
minability had been psychophysically equated across
both search conditions, all participants could divide
attention across two widely separated spatial locations
and there was no diﬀerence in the ability to divide at-
tention. Unlike the Landolt C target results, the pacman
search performance was very similar for both standard
and mirror-image searches: Both search conditions
showed large, signiﬁcant set-size eﬀects for target de-
tection as well as for target location accuracy. The
set-size eﬀects were much larger than predicted by the
decision noise model, but too small to be explained by a
serial-processing limited-capacity model. However, both
standard and mirror-image search results agreed with
predictions of the sampling-size model. These results
suggest that attention aﬀected perceptual processing
when searching for the complex pacman target so that
capacity limitations occurred. Furthermore, these ca-
pacity limitations imply parallel processing in which the
percept of each stimulus is less clear and less distinct if
many stimuli are monitored than if fewer stimuli are
monitored.
4.2.2. Discrimination
For the pacman stimuli there was a signiﬁcant dif-
ference in target–distractor discriminability between the
standard and mirror-image conditions ðtð22Þ ¼
3:71; p ¼ 0:001Þ. For the standard condition (pacman
target with bite rotated clockwise and distractor with
upward-facing bite) the mean JND was an angular dif-
ference of 9.7 (SEM¼ 0.693). For the mirror-image
condition (distractor with bite rotated counterclockwise)
the mean JND was an angular diﬀerence of 13.04
(SEM¼ 1.28). To equate target–distractor discrimina-
bility across the two conditions, the angular diﬀerence
between the target and distractor had to be approxi-
mately 34% larger in the mirror-image condition than
in the standard condition.
4.2.3. Dividing of attention
All 23 participants divided attention across two
widely separated spatial locations in both search con-
ditions; none engaged in serial processing of these pac-man stimuli for set size 2. For the standard condition the
average Type 1 Z-score was 3.34 (SEM¼ 0.034) whereas
for the mirror-image condition it was 3.38
(SEM¼ 0.034)––both well above the criterion value of
1.28. There was no signiﬁcant diﬀerence in the Type 1
Z-scores for the two conditions ðF ð1; 22Þ ¼ 1:17; p ¼
0:291Þ.
We have ruled out failure to divide attention as well
as diﬀerences in target discriminability as possible causes
of search performance diﬀerences between the standard
and the mirror-image search.4.2.4. Target detection accuracy
A repeated-measures ANOVA showed signiﬁcant set-
size eﬀects occurred ðF ð1; 22Þ ¼ 17:91; p < 0:001Þ.
There was no signiﬁcant diﬀerence between the standard
and mirror-image conditions for the pacman target
ðF ð1; 22Þ ¼ 1:83; p ¼ 0:190Þ. Nor was there a signiﬁcant
interaction between set size and search condition
ðF ð1; 22Þ ¼ 1:67; p ¼ 0:209Þ (see top panel of Fig. 8).
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The pattern of results for target location accuracy
was similar to that for target detection. (See bottom
panel of Fig. 8.) A repeated-measures ANOVA showed
signiﬁcant set-size eﬀects occurred ðF ð1; 22Þ ¼ 13:58;
p ¼ 0:001Þ. There was no signiﬁcant diﬀerence between
the standard and the mirror-image search conditions
ðF ð1; 22Þ ¼ 2:22; p ¼ 0:150Þ and no signiﬁcant interac-
tion between set size and search conditions ðF ð1; 22Þ ¼
0:61; p ¼ 0:443Þ.1.00.90.80.70.60.50.0
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Fig. 9. Target localization performance and theoretical predictions are
shown for the pacman experiment. The top panel represents data for
the standard search and the bottom panel those for the mirror-image
search. The predictions shown are the same as those described for
Fig. 3.4.2.6. Comparison of location data to theoretical predic-
tions
To compare target location performance to model
predictions for the pacman searches, we restricted our
analyses to participants who could divide attention be-
tween two widely separated spatial locations, as previ-
ously determined, and whose target location accuracy
was less than perfect, but well above chance (cf. footnote
2). The analyses described below evaluated data from 22
participants in the standard search condition and from
23 participants in the mirror-image search condition.
Table 3 shows both the average target location accuracy
for set size 4 and the diﬀerent models predictions, av-
eraged across individuals.
4.2.6.1. Boundary condition for decision noise model.
Even a distribution-free decision noise model could not
account for the pacman search performance, as shown
in Fig. 9 and Table 3. When searching for a pacman
target among other pacman distractors, a decision noise
model clearly can be rejected.4.2.6.2. Sampling-size model of perceptual limited capac-
ity. It appears that perceptual capacity limitations af-
fected search performance for the pacman searches.
Both standard and mirror-image search results agree
with predictions of the sampling-size model, a parallel-
process model (see Table 3 and Fig. 9).4.2.6.3. Serial-processing models of perceptual limited
capacity. All three versions of the serial-processingTable 3
Pacman target location accuracy: comparison of data and model predictions
Standard search accuracy
Mean SEM Wilcoxon signe
Data 0.801 0.031
Predictions
Noise boundary 0.861 0.031 2.614
Sampling size 0.789 0.033 0.406
Serial ðB ¼ 1Þ 0.418 0.005 4.107
Serial ðB ¼ 2Þ 0.586 0.009 4.042
Serial ðB ¼ 3Þ 0.754 0.014 1.834
 p < 0:10.  p < 0:05.  p < 0:01.model (B ¼ 1, 2 or 3) predicted signiﬁcantly worse target
location performance than was obtained, for both the
standard and the mirror-image condition (see Table 3).5. General discussion
The primary purpose of these visual search experi-
ments was to evaluate how attention aﬀects perceptual
and decision noise processes when sensory factors have
been appropriately controlled. In Section 1 we consideredfor set size 4
Mirror-image search accuracy
d ranks Z Mean SEM Wilcoxon signed ranks Z
0.801 0.0122
 0.881 0.0237 2.48
0.792 0.021 0.487
 0.423 0.003 4.198
 0.595 0.007 4.076
0.768 0.010 1.627
2226 E.T. Davis et al. / Vision Research 43 (2003) 2213–2232four diﬀerent situations where demands on attention
may result in perceptual capacity limitations: (a) target
localization, (b) apprehension of spatial relations, (c)
overlap of critical features between target and distrac-
tors, or (d) mirror-image symmetry between target and
distractors. If set-size eﬀects occur under these condi-
tions, which are caused by decision noise and which are
caused by perceptual capacity limitations? When capac-
ity limitations do occur, are they the result of parallel
processing, as predicted by the sampling-size model, or
the result of serial processing?
In this regard, we discovered several noteworthy re-
sults. First, performance in forced-choice target location
search shows a remarkably similar pattern to that in
Yes–No target detection search. Spatially locating
targets during visual search does not necessarily place
more demands on attention than does target detection,
nor does it necessarily result in capacity limitations,
contrary to an earlier report in the literature (e.g.,
Bennett & Jaye, 1995).
Second, the largest set-size eﬀects were obtained for
the complex stimuli and probably were due to percep-
tual capacity limitations caused by a parallel-process
model (viz., the sampling-size model) rather than by a
serial-process model. The complex target stimuli used in
these searches share many critical features with the di-
stractors, resulting in a within-object conjunction search,
so that to distinguish a target from a distractor one must
apprehend the spatial relations of the component parts
for each stimulus. Furthermore, a decision noise model
cannot account for the within-object conjunction search
results reported here. Decision noise models are con-
sistent, however, with our search results involving sim-
pler stimuli, such as tilted and vertical lines.
Finally, mirror-image symmetry between target and
distractor creates an additional burden on early visual
processing, making it more diﬃcult to distinguish a
target from a distractor and resulting in larger discrim-
ination thresholds. Mirror-image symmetry does not
place additional demands on attention, however, con-
trary to a previous report in the literature (e.g., Wolfe &
Friedman-Hill, 1992). Each of these ﬁndings is discussed
in more detail below.5.1. Similar pattern of results for target detection and
target localization
Previous research suggests that perceptual capacity
limitations are more likely to occur when observers must
locate the targets position rather than merely detect the
targets presence (Bennett & Jaye, 1995). Bennett and
Jaye have reported that locating target letters resulted in
large set-size eﬀects whereas detecting the presence of a
target letter did not. Our results clearly do not support
this contention.First, in all of our search experiments we noticed that
for each search condition, target detection and target
localization showed a similar pattern of results. For
example, either both resulted in large set-size eﬀects or
both resulted in minimal set-size eﬀects. Although the
pattern of results was similar for target detection and
localization, we believe the responses for target location
were relatively independent of those for target detection
for the following three reasons. In order to complete
each trial and go on to the next, the observer had to
provide both a Yes–No target detection response as
well as a forced-choice target location response. Even on
trials where the observer thought no target had been
present, the observer was forced to make a best guess
about the targets location. Furthermore, the d 0 mea-
sures for target detection were based both on trials in
which no target was present (to estimate false alarms)
and on trials in which a single target was present (to
estimate hits). In contrast, the d 0 measure for the forced-
choice target location response was based only on trials
for which a single target was present. Moreover, the
forced-choice target localization paradigm forces the
observer to be as sensitive as possible regardless of
the response criterion used for making Yes–No target
detection responses.
Second, although all of our experiments involved
target localization, only some of them resulted in per-
ceptual capacity limitations whereas the others were
consistent with an SDT decision noise model. For ex-
ample, the mirror-image letter search (Landolt C target
among backward-facing C distractors) provided evi-
dence of a perceptual capacity limitation, but results
from the other letter search (Landolt C among Os) were
consistent with a decision noise model. Apparently,
target localization for letter stimuli does not necessarily
result in perceptual capacity limitations. Moreover,
target localization of simple tilted line stimuli did not
result in any apparent perceptual capacity limitations
whereas target localization of the more complex pacman
stimuli did.
We can conclude that target localization, per se, does
not necessarily result in perceptual capacity limitations
but may, as Bennett and Jaye (1995) have suggested,
interact with other factors, such as the apprehension of
spatial relations of each objects component parts.
5.2. Decision noise models only account for simple feature
search
In the case of simple feature search, when the target
had a critical feature (e.g., a gap) or a unique categorical
attribute (e.g., a line tilted clockwise) that distinguished
it from all distractors, target location search agreed with
predictions of the decision noise model. An alternative
parallel-process model, the high-threshold model, also
predicts modest set-size eﬀects for forced-choice target
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the modiﬁed serial-processing model described in Ap-
pendix A in which the number of stimuli scanned (B) is
equal to the set size (N ). However, the high-threshold
model predicts absolutely no set-size eﬀects should occur
for Yes–No target detection. The set-size eﬀects ob-
tained for target detection rule out the high-threshold
model––only the decision noise model can account for
these data. The modest set-size eﬀects found for our
simple feature searches agree with those reported in the
literature (e.g., Palmer, 1994; Treisman & Souther, 1985;
Wolfe, Friedman-Hill, Stewart, & OConnell, 1992).
The largest set-size eﬀects occurred when both the
target and distractors were complex stimuli (viz., both
Landolt Cs or both pacman stimuli). With these com-
plex stimuli one must apprehend the spatial relations of
each objects component parts to distinguish a target
from a distractor, resulting in a within-object conjunc-
tion search task (e.g., Duncan & Humphreys, 1989). For
example, in the pacman search one must not only detect
the pacmans bite, but also discern whether the bite is
rotated clockwise or not. Similarly, in the mirror-image
Landolt C search, one must not only detect the gap in
the Landolt C, but also discern whether the gap is on the
right or left side of the object.
It is important that the large set-size eﬀects for the
within-object conjunction searches reported here are not
caused by decision noise. Sometimes decision noise can
masquerade as a perceptual capacity limitation and it is
often diﬃcult to distinguish between the two (e.g.,
Pashler, 1998). In fact, Eckstein (1998) has convincingly
shown how a SDT decision noise model can explain the
large set-size eﬀects obtained for conventional between-
object conjunction search in which the target shares a
critical feature (e.g., tilted clockwise) with some of the
distractors and another critical feature (e.g., high con-
trast) with the other distractors. For the within-object
conjunction search experiments reported here, however,
even when target–distractor discriminability is equated
for set size 2 across all search conditions, search per-
formance for set size 4 is much worse than any decision
noise model predicts. That is, for both pacman searches
as well as for the mirror-image Landolt C search, target
location accuracy was signiﬁcantly worse than Shaws
(1980) boundary condition predicted for set size 4.
5.3. Within-object conjunction search capacity limitations
probably caused by parallel processes
The large set-size eﬀects obtained for the within-ob-
ject conjunction searches were due to perceptual ca-
pacity limitations probably caused by a parallel-process
model (viz., the sampling-size model); they were not
caused by serial processing in which only one or two
items could be scanned within a brief duration. The
evidence for these statements is threefold.First, the Type 1 Z-scores obtained from target de-
tection search for set size 2 were signiﬁcantly larger than
zero. That is, the observers were able to divide attention
across two widely separated spatial locations and to
obtain information from both locations during the brief
display presentation. This is analogous to parallel pro-
cessing for a set size of 2. Thus, we can reject a strict
serial-process model in which information is obtained
from only one spatial location within a given trial.
Second, target localization for set size 2 is not con-
sistent with Bergen and Juleszs (1983) serial-processing
model, as described in Appendix A. The model assumes
that within a brief duration the observer can scan B
stimuli in a display of N stimuli, where B is less than N .
It also assumes that if a target is scanned, however, it is
always detected and its location is known. Thus, if an
observer can scan at least one stimulus during the brief
presentation of the display, then that individual should
always correctly locate the target in a 2AFC trial for set
size 2. Because we only analyze single target trials for
target localization, if the target is not in the scanned
location, it must be in the other location. Clearly, target
location accuracy was less than perfect for most of our
observers, even with set size 2. So, we can rule out this
popular version of a serial-processing model.
Third, for the within-object conjunction searches
target localization performance for set size 4 is consis-
tent with the predictions of the sampling-size model, but
not necessarily with those of the serial-processing model.
Suppose that we modify the serial-processing model, as
described in Appendix A, so that sometimes a scanned
target may not be detected (i.e., 0 < PTðdetÞ < 1). This
modiﬁed serial-processing model can predict our target
location results for set size 2 (viz., location performance
is less than perfect). However, target localization for set
size 4 is much better than predicted by the modiﬁed
serial-processing model in which only one or two stimuli
are scanned during the brief stimulus presentation. So,
we can reject a serial-processing model (for B ¼ 1 or 2).
If three stimuli can be scanned within a brief span of
time ðB ¼ 3Þ, it becomes more diﬃcult to distinguish the
modiﬁed serial-processing model from the sampling-size
model. (See predictions shown for the serial-processing
model with B ¼ 3 versus the sampling-size model in
Figs. 3, 6, and 9.) Although the sampling-size models
predictions are consistent with target localization data
from all three complex searches, only the data from one
complex search agrees with predictions of the serial-
processing model (for B ¼ 3).
Analyses of target detection and localization data for
set size 2 and of target localization data for set size 4
support a parallel-process limited-capacity model. They
rule out any serial-processing model in which one, two,
or perhaps even three stimuli are scanned within a
brief duration. This is important because many others
have reported capacity limitations for within-object
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pacity limitations were due to serial processing rather
than to parallel processing.
The parallel-process limited-capacity model consid-
ered here, the sampling-size model (e.g., Green & Luce,
1974) assumes there are a ﬁxed number of samples
available to process all of the relevant information. A
complex stimulus, such as a Landolt C or a pacman,
require many samples to clearly encode it whereas a
simple stimulus, such as a line or an O, require only a
few samples to be clearly encoded. Thus, for complex
target and distractor stimuli one encounters perceptual
capacity limitations because there are not enough sam-
ples available to clearly encode all of the stimuli for the
larger set size.
5.4. Mirror-image symmetry adversely aﬀects early visual
processing but places no demands on attention
Finally, despite the fact that Wolfe and Friedman-
Hill (1992) have reported mirror-image symmetry be-
tween the target and distractors resulted in large set-size
eﬀects, suggesting capacity limitations, we did not ob-
serve this result. Instead, we found that mirror-image
symmetry about the vertical axis could aﬀect early visual
processing, making it more diﬃcult to discriminate the
target from a distractor. Once sensory factors were
properly controlled, however, mirror-image symmetry
did not place additional demands on attention.
Mirror-image symmetry between the target and dis-
tractor adversely aﬀects the ability to psychophysically
discriminate the target from the distractor when the
stimuli are oriented lines or contain oriented edges (e.g.,
the bite of the pacman). In this case, the JND values for
the discrimination threshold ðd 02AFCLocation ¼ 0:95Þ were
noticeably larger for the mirror-image condition than
for the standard condition (60% larger for the tilted line
target and 34% for the pacman target). Once target
discriminability had been psychophysically equated
across both conditions, however, there was little or no
diﬀerence in the magnitude of the set-size eﬀects between
the conditions. This also was true when a larger range of
set sizes (2, 4, and 8) was tested (Davis, Michel, Shikano,
& Sathian, submitted). The pattern of results suggests
the operation of low-level, simple psychophysical
mechanisms can explain our mirror-image results.
Our results suggest that previously reported visual
search deﬁcits, obtained when the non-target stimuli
were mirror images of the target, could be largely due to
sensory factors that had not been adequately controlled.
For instance, target–distractor discriminability may not
have been psychophysically equated across the diﬀerent
search conditions. Moreover, other researchers who
have found evidence of perceptual grouping based on
similarity, proximity, or mirror-image symmetry have
conducted visual searches using matrix arrays of manyclosely spaced stimuli (e.g., 8 or more) (e.g., Carrasco &
Chang, 1995; Davis, Fujawa, & Shikano, 2002; Verghese
& Nakayama, 1994; Wolfe & Friedman-Hill, 1992).
Because we were speciﬁcally interested in how attention
aﬀects perceptual capacity limitations and noisy decision
making when sensory factors have been controlled,
however, we used a circular array of four widely spaced
stimuli in the search experiments reported here to con-
trol for sensory eﬀects due to eccentricity and density of
stimuli. Thus, in the experiments reported here we ﬁnd
no evidence that mirror-image symmetry places addi-
tional demands on attention.Acknowledgements
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A.1. Evaluating attention strategy and allocation of
attention––target detection (set size 2)
Before comparing predictions of the target location
models to the data, we ﬁrst must assess how participants
allocated attention across two widely separated spatial
locations for target detection. To do this, we examined
target detection search performance for set size 2. Could
participants process information from both locations on
each trial or were they limited to information from only
one location? The former is analogous to parallel pro-
cessing visual search whereas the latter is analogous to a
strict serial-processing strategy. The distinction between
parallel and serial processing will be considered again
when comparing models for target location.
A.1.1. Dividing attention
According to Shaw (1980, 1982) information can be
obtained simultaneously from two spatial locations if
one uses either a sharing or a type 2 mixture attention
strategy. In the sharing strategy the observer simulta-
neously allocates attention to both locations on each
trial, analogous to parallel processing in visual search.
In the type 2 mixture strategy, although the observer
allocates attention primarily to one location on a given
trial, some information is still obtained from the other
location on that trial. Both attention strategies can
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presented within a display:detection accuracy improves
because there are multiple opportunities to detect a
target within a given trial.A.1.2. Serial processing
The above two attention strategies contrast sharply
with a type 1 mixture strategy in which all attention is
allocated to only one spatial location on a given trial
and no information is obtained from any other location.
Consequently, the type 1 mixture strategy does not
beneﬁt from having targets presented at the ignored
location. The type 1 mixture strategy is analogous to
strict serial processing in which only one stimulus loca-
tion can be processed during the brief presentation of
the display.A.1.3. Type 1 Z-score test
We were primarily interested in whether participants
could divide attention, rather than whether a sharing or
type 2 mixture attention strategy was used. 3 To see if we
could reject a type 1-mixture strategy, we used a test
described in Mulligan and Shaw (1980). If so, then the
participant is able to divide attention across at least two
widely separated spatial locations. To perform this
analysis, we used target detection accuracy from the
search task for set size 2 and computed the Type 1 Z-
score as follows:
Type 1 Z-Score ¼ fð1 P00Þ þ ð1 P11Þ  ð1 P10Þ
 ð1 P01Þg=STotal
The numerator shows the conditional probabilities of
not detecting a target when (a) none is present (1 P00),
(b) targets are present at both relevant locations
(1 P11), and (c) the target is present to one side of
ﬁxation (1 P10) or to the opposite side of ﬁxa-
tion (1 P01). The denominator, STotal, is the estimated
standard deviation of the numerator. The Type 1 Z-
score is analogous to testing whether information from
each location is processed independently. If the observer
only monitored one location on each and every trial,
then the expected value for the Type 1 Z-score would be
zero. For example, if the observer attended only the left
location, presenting a target at the unattended right lo-
cation should not aﬀect target detection accuracy so that
P01 ¼ P00, P10 ¼ P11, and the average Type 1 Z-score3 To determine if an attention-sharing strategy was used, rather
than another attention strategy, logarithms of conditional probabilities
must be calculated (Mulligan & Shaw, 1980). This analysis creates
problems, however, because the conditional probability of saying
‘‘No’’ was often zero and, thus, logarithms could not be calculated.
The test for a type 1 mixture attention strategy does not have this
problem, could be calculated for all participants, and thus was used to
determine whether attention could be divided across two widely
separated spatial locations.would be zero. However, if the score was greater than
the criterion Z-score value of 1.28 (corresponding to
p ¼ 0:05 for a one-tailed test), we can reject a type 1
mixture attention strategy and instead assume the par-
ticipant could divide attention across both locations.
A.2.
A.2.1. Signal detection theory decision noise models and
Shaw’s boundary condition test
The SDT decision noise model is an unlimited-
capacity, parallel-process model that assumes the repre-
sentation of each stimulus is variable or noisy. If target
location accuracy is less than perfect for set size 2, then
there is some confusion between the target and distrac-
tor stimuli. This confusion represents decision noise in
detecting and locating the target. That is, sometimes a
distractor is mistaken for a target because the noisy re-
sponse from the distractor location exceeds the signal
response from the target location. The SDT model as-
sumes that information from widely separated spatial
locations is analyzed independently and that there are
no interactions between the locations. It also assumes
the response from each location is a scalar output and
that the observer chooses the location with the largest
output. With these basic assumptions in mind, we can
describe how the worst possible decision noise perfor-
mance is calculated for the boundary condition (Shaw,
1980, 1982). This boundary condition is distribution
free––it does not make any assumptions about the un-
derlying target or distractor probability distributions.
For set size 2, the probability of a hit is the proba-
bility that the target location produced the larger out-
put, P ðC2Þ. Conversely, a false alarm is the probability
that the distractor location produced the larger output,
1 P ðC2Þ. As the number of distractor locations in-
creases there are more opportunities for a distractor to
be mistaken for a target. For set size 4, there are three
opportunities that a distractor can be mistaken for a
target instead of only one opportunity. To choose the
correct target location, the output from the target lo-
cation must exceed the output from each of these three
distractor locations. So, for set size 4 the probability of a
hit is P ðC2Þ3 whereas the probability of a false alarm is
1 P ðC2Þ3. Because the value of P ðC2Þ is less than one,
this means that the probably of a hit decreases, whereas
the probability of a false alarm increases, as the set size
becomes larger. In general, for a set size of n elements,
the probability of a hit is P ðC2Þðn1Þ and the probability
of a false alarm is 1 P ðC2Þðn1Þ. Thus, the worst pos-
sible noise-limited performance for set size n, based on
search performance for set size 2, is P ðC2Þðn1Þ. For re-
sults to be consistent with a decision noise model, re-
gardless of the underlying probability distributions,
location accuracy should not be signiﬁcantly worse than
this value, as shown in the inequality below:
2230 E.T. Davis et al. / Vision Research 43 (2003) 2213–2232P ðCnÞP P ðC2Þðn1Þ
The formal proof of this inequality is given in Shaw
(1980).A.2.2. Perceptual limited-capacity models
In contrast to the SDT decision noise model, the
perceptual limited-capacity models assumes attention
aﬀects perceptual processing so that capacity limitations
occur. Of the limited-capacity models considered here,
the sampling-size model is a parallel-process model
whereas the serial-processing model is not.
A.2.2.1. Sampling-size model. This model is a quantita-
tive version of a ﬁxed, limited-capacity model (e.g.,
Green & Luce, 1974; Palmer et al., 1993). According
to the sampling-size model, perception arises from a
ﬁxed, total number of samples of the visual array. If
only one stimulus is monitored, then all samples are de-
voted to processing information from that stimulus and
the resulting percept is clear and distinct. However, if
many stimuli are monitored, then the samples are dis-
tributed across all relevant stimuli so there are fewer
samples of each individual stimulus. As a result, the per-
cept of each stimulus is less clear and less distinct when
many stimuli are monitored than if only a single stimu-
lus is monitored. Thus, it is more diﬃcult to detect and
locate a target for a larger set size than for a smaller set
size, resulting in set-size eﬀects.
We assume that there are a total of M samples
available. These samples are equally distributed among
all of the N stimuli, so there is an integer number of
samples (K ¼ M=N ) for each stimulus. Thus, for set size
2 there are twice as many samples of each relevant lo-
cation as there are for set size 4. The sampling-size
model also assumes that each sample has a Gaussian
probability distribution and that the variance is the
same for each sample. We make a simplifying assump-
tion that if only one stimulus is monitored so that
K ¼ M , then the overall variance of the M samples is
one. When N stimuli are monitored, the variance is
larger than one because there are fewer samples per
stimulus (K ¼ ½M=N  < M). In general, for N monitored
stimuli, the variance is equal to N . (See Palmer et al.,
1993, for a similar explanation of the relation between
variance and set size.) So, increasing the number of
monitored stimuli (set size) also increases the variance of
the percept for each monitored stimulus.
The model is applied only to those trials on which a
single target is presented and the participant is forced to
choose the targets location from the N monitored lo-
cations. The sampling-size model also assumes that in-
formation from widely separated spatial locations is
analyzed independently and there are no interactions
between the locations. We assume that the observer al-ways chooses the location that produces the largest re-
sponse.
For a set size of N , the probability that the target
location will produce a speciﬁc output, x, is given by the
density function for a target:
g1;NðxÞ ¼ 1=pð2NpÞeðxsÞ2=ð2NÞ
where s is the mean of the signal distribution.
For a set size of N , the probability that a distractors
output will be less than x is the cumulative distribution
for a distractor:
F1;NðxÞ ¼
Z x
1
f1;NðuÞdu ¼ 1=pð2NpÞ
Z x
1
eðu
2=2NÞ du
So, the probability of being correct is the probability
that the target location produces the largest response:
PN ðCÞ ¼
Z þ1
1
g1;N ðxÞF ðN1Þ1;N ðxÞdx
where N is the number of monitored stimuli (viz., set
size), g1;N ðxÞ is the probability that the target location
will produce a speciﬁc output, x, and F1;NðxÞ is the
probability that a distractors output is less than x. Be-
cause the output of each location is independent of the
others, we must multiply the individual probabilities to
determine the probability that the target location pro-
duced the largest output. The exponent for the distrac-
tor distribution ðN  1Þ represents the number of
distractor locations in the display and, thus, the number
of opportunities for a distractor to be mistaken for the
target.
A.2.2.2. Serial-processing model. A serial-processing
model assumes that the observer can serially process B
items in a display of N items ðB < NÞ within a given dis-
play duration, usually measured in milliseconds (e.g.,
Bergen & Julesz, 1983). This serial-processing model
also assumes that if a target is processed, it is always de-
tected and its location is known. For our forced-choice
target location task, this means that if at least one item
can be scanned, then the observer will be 100% correct
for set size 2. For example, if the observer processes
the location where the distractor appeared, then he or
she would guess that the target appeared in the other lo-
cation; the observer would be correct because for target
localization we only analyze trials in which one target is
present. Clearly, if the participants target location per-
formance is signiﬁcantly less than 100% for set size
two, as we found for most of our participants, we can
reject this version of a serial-processing model.
We suggest an alternative serial-processing model
that assumes sometimes the target is not detected even
when the target location is scanned in serial search. In
this case, the probability of detecting a target at the
scanned target location is PT ðdetÞ and is greater than
zero but less than one. This model is a high-threshold
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taken for a target. False alarms or misses sometimes
occur in forced-choice location judgments because when
the target is not detected, the observer is forced to guess
among the N locations and may be wrong. If B is the
number of items that can be processed during the dis-
play presentation, N is the number of relevant locations
in the display (viz., set size N ), then the probability of
correctly locating the target in a serial search is:
PT locateðCÞ ¼ ½PTðdetÞðB=NÞ þ f½1 ðPTðdetÞðB=NÞÞ
 ð1=NÞg for B < N
The probability that the target is among the items
scanned is ðB=NÞ and, when the target is scanned, it is
detected with a probability of ½PTðdetÞ. If the target is
not detected (viz., ½1 ðPTðdetÞðB=NÞÞ), the participant
correctly guesses the target location from among the N
alternatives with a probability of ð1=NÞ. Notice that
even for a set size of 2 ðN ¼ 2Þ, target location perfor-
mance may not be perfect. Notice that if the number of
items scanned is equal to the set size (viz., B ¼ N ), then
this is not a limited-capacity model and should not be
considered here. 4References
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